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ABSTRACT
Effects of intertidal position on metabolism and behavior in the acorn barnacle,
Balanus glandula
Kali Marie Horn
The intertidal zone is characterized by persistent, tidally-driven fluctuations in both
abiotic (e.g., temperature, [O2], salinity) and biotic (e.g., food availability, predation)
conditions, which makes this a very physiologically challenging habitat for resident
organisms. The magnitude and degree of variability of these environmental stressors
differs between intertidal zones, with the most extreme physiological stress often being
experienced by organisms in the high intertidal. Given that many of the fluctuating
conditions in this environment are primary drivers of metabolic rate (e.g., temperature,
[O2], food availability), we hypothesized that sessile conspecifics residing in different
tidal zones would exhibit distinct ‘metabolic phenotypes,’ a term we use to collectively
describe the organisms’ baseline metabolic performance and capacity. To investigate this
hypothesis, we collected acorn barnacles (Balanus glandula) from low, mid, and high
intertidal positions in San Luis Obispo Bay, CA and measured a suite of biochemical
(whole-animal citrate synthase (CS) and lactate dehydrogenase (LDH) activity, aerial
[lactate]), physiological (O2 consumption rates), morphological (body size), and
behavioral (e.g., cirri beat frequency, % time operculum open) indices of metabolism. We
found tidal zone-dependent differences in B. glandula metabolism that primarily related
to anaerobic capacity, feeding behaviors and body size. Barnacles from the low intertidal
tended to have a greater capacity for anaerobic metabolism (i.e., increased LDH activity),
feed less when submerged, and be smaller in size compared to conspecifics in the high
intertidal. We did not, however, see differences between barnacles from different tidal
heights in whole-animal [lactate] following 24h of air exposure, which indicates that the
enhanced capacity of low intertidal barnacles for anaerobic metabolism may have
evolved to support metabolism during more prolonged episodes of emersion (>>24h) or
during events other than emersion (e.g., coastal hypoxia, predation). There were also no
significant differences in CS activity or baseline oxygen consumption rates (in air or
seawater at 14˚C) across tidal heights, which implies that aerobic metabolic capacity may
not be as sensitive to tidal position as anaerobic processes. Understanding how
individuals occupying different shore heights differ in their metabolic capacity becomes
increasingly interesting in the context of global climate change, given that the intertidal
zone is predicted to experience even greater extremes in abiotic stress.
Keywords: Balanus glandula, acorn barnacle, intertidal zone, metabolism, lactate
dehydrogenase, citrate synthase, lactate, oxygen consumption rate, behavior, cirri,
temperature, plasticity
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Chapter 1
1. INTRODUCTION
Throughout the course of a single tidal cycle, intertidal organisms can experience
extreme variation in abiotic (e.g., temperature, oxygen, salinity, pH) and biotic (e.g., food
availability, predation) factors that have profound impacts on their physiology,
survivability, and distribution (Connell, 1972; Foster, 1986; Solan and Whiteley, 2016).
While submerged in seawater (immersion), resident organisms experience relatively
stable ocean temperatures, oxygen levels, and access to food. Whereas during periodic air
exposure (emersion), they face greater temperature extremes (Helmuth and Hofmann,
2001), variable oxygen availability (Castro et al., 2001), osmotic challenge (Burnett and
McMahon, 1987), desiccation stress (Foster, 1971), and reduced food availability
(Gillmor, 1982). Thus, tolerance to emersion is critical in shaping the physiology, as well
ecological distribution patterns, of intertidal species (Tomanek and Helmuth, 2002;
Somero, 2002).
Of the abiotic stressors that fluctuate across the tidal cycle, temperature and
oxygen are of particular interest given that they both substantially impact metabolic rate
in ectotherms (McMahon, 1988; Somero, 2002; Pörtner, 2010). The relative magnitude
and degree of variability of these two environmental stressors, however, can differ greatly
between intertidal zones, with the most extreme and variable physiological stress
experienced by high intertidal organisms that spend a greater proportion of their time in
the air (Connell, 1972; Shick et al., 1988; Somero, 2002). In a mussel bed during low
tide, for example, there can be a roughly 7-8°C difference in average maximum body
temperature between mussels anchored in the low and high intertidal zones, and mussels
in the high intertidal consistently experience much greater inter-individual variation in
1

body temperature (as much as 14˚C between mussels in close proximity; Miller and
Dowd, 2017). A difference in temperature of this magnitude could easily result in
significant differences in baseline oxygen consumption rates for an organism (Newell,
1969, 1973). Prolonged exposure to high temperatures can also lead to decreased
survival, although high shore species across many invertebrate groups (e.g., snails,
porcelain crabs, abalone) have been shown to have a greater tolerance to thermal stress
than those from lower tidal heights (Somero, 2002).
Oxygen availability across the intertidal varies more unpredictably than
temperature because oxygen levels are influenced not only by environmental variation
between air and water [e.g., differences in oxygen concentration between air and water at
the same oxygen partial pressure (pO2), or differences in oxygen between air and water
during a coastal hypoxia episode when seawater pO2 is low], but also by biological
variation in aerial gas exchange ability between organisms. Intertidal invertebrates differ
substantially in their ability to facilitate oxygen uptake or carbon dioxide loss across their
respiratory surfaces while in the air. Some aquatic species implement virtually no gas
exchange while out of water due to gill filament clumping and shell/operculum closure
for the purposes of desiccation and predation avoidance (Coleman, 1973; Newell, 1973).
Mussels, for example, have very low gas exchange capabilities during emersion and often
enter a state of hypometabolism when their valves remain closed for prolonged periods
(Coleman, 1973). Other intertidal organisms have a very high capacity for aerial gas
exchange owing to substantial cutaneous oxygen uptake [e.g., stalked barnacles (Petersen
et al., 1974), porcelain crabs (Stillman and Somero, 1996)] or oxygen uptake that occurs
within an internal seawater-filled or air-filled cavity that houses their respiratory surfaces
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[e.g., branchial cavity of intertidal crabs (Greenaway et al., 1996), mantle cavity of acorn
barnacles (Anderson, 1994)]. In these species, aerobic metabolism can continue without
interruption during emersion (Newell, 1973; Petersen et al., 1974). The combined effects
of increased temperature, which inherently elevates metabolic rates in ectotherms (Huey
and Stevenson, 1979; Prosser, 1991), and decreased oxygen due to shell closure make air
emersion especially challenging for intertidal organisms that avoid oxygen uptake.
With increasing shore height, organisms experience longer durations of emersion
(Finke et al., 2007) and this has been shown to lead to predictable differences in
morphological and physiological phenotypes between species, and between individuals of
the same species, that inhabit distinct tidal zones. Compared to low intertidal barnacles of
the same species, for example, certain high intertidal barnacle species have been found to
have lighter coloration to prevent heat stress, smaller aperture openings to reduce
desiccation stress (Achituv and Borut, 1975), and longer cirri to increase food capture
during shorter bouts of submersion (Chan and Hung, 2005), Other species, like mussels
(Marsden and Weatherhead, 1999), chitons (Otaíza and Santelices, 1985), and snails
(Brown and Quinn, 1988), often have longer or larger shells in lower intertidal positions
due to increased food availability.
There is also a small body of evidence for variation in metabolic strategies
between species that inhabit discrete vertical zones. Stillman and Somero (1996)
observed significant differences in resting metabolic rates, cardiac parameters, and aerial
lactate production between closely related species of porcelain crabs characteristic of the
mid to high intertidal (Petrolisthes cinctipes) and the low intertidal to subtidal zones (P.
eriomerus). Whether such metabolic variation exists within a single population of
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conspecifics that span the intertidal has not received much attention. Given the strong
gradient in environmental conditions across the intertidal, metabolic variation due to
phenotypic plasticity or selection is likely. Since metabolic processes are strongly
influenced by temperature and oxygen availability, and these parameters can vary greatly
over the span of less than a meter in the rocky intertidal (Helmuth and Hofmann, 2001),
we hypothesize that there will predictable differences in metabolic parameters within a
single species across their vertical distribution.
Balanomorph cirripedes (acorn barnacles) are a group of sessile invertebrates
abundant across the rocky intertidal zone. They have two major life phases, a planktonic
larval phase and a sessile adult phase (Anderson, 1994). Once they adhere to the substrate
and metamorphose into the adult form, they are permanently attached and unavoidably
subject to the prevailing environmental conditions. The tidal height (e.g., low, mid or
high) at which certain species are characteristically found, as well as the total distance
spanned across their vertical distribution in the intertidal, varies widely between barnacle
species. Some barnacles may reside only in the low intertidal zone and are exposed to air
relatively infrequently during low tides (e.g., Balanus crenatus, Semibalanus balanoides),
while others occupy the highest regions of the intertidal zone where they are only
submerged for brief durations during high tide (e.g., Chthamalus spp.) (Connell, 1972).
Still others, like Balanus glandula may occupy a relatively broad vertical distribution
between the low and high tide zones from 1 – 3m above mean lower low water (MLLW)
(Glynn, 1965). Many other species of barnacles are permanently submerged and very
infrequently encounter air emersion either during the lowest low tide (e.g., Balanus
nubilus) or during intermittent air exposure on semi-submerged hard surfaces where they
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serve as a dominant fouling organism (e.g., on docks, boats, turtle shells). Because of this
variation in vertical distribution, barnacles represent an ideal model organism for
assessing how intertidal position influences the basic metabolic strategies and capacities
of an organism, a characteristic we collectively refer to as the ‘metabolic phenotype’.
In this project, we aimed to describe the baseline metabolic phenotype of the
ubiquitous acorn barnacle, Balanus glandula Darwin 1854, from different positions
across its broad vertical distribution in the intertidal zone. We chose to measure a suite of
parameters that intentionally span several levels of organization (e.g., enzymes to
behavior) in an effort to thoroughly characterize distinct, tidal height-driven metabolic
phenotypes in this species. Towards this goal, we collected B. glandula, from low, mid,
and high intertidal zones in San Luis Obispo Bay, CA and compared biochemical (wholeanimal citrate synthase (CS) and lactate dehydrogenase (LDH) activity, aerial [lactate]),
physiological (oxygen consumption rates), morphological (body size), and behavioral
(e.g., cirri beat frequency, % time operculum open) indices of their metabolism. The
identification of predictable or distinct differences in metabolic performance across the
intertidal zone becomes increasingly important in the context of global climate change,
given that the intertidal zone is predicted to experience even greater extremes in
temperature, changes in ocean chemistry, and more frequent hypoxic events (Harley et
al., 2006; Helmuth et al., 2006; Diaz and Rosenberg, 2008; Hawkins et al., 2008; Deutsch
et al., 2011).
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2. METHODS
2.1 Field temperature measurements
Variation in estimated body temperature (Tb) of B. glandula across tidal heights
was characterized at the rocky intertidal zone near California Polytechnic State
University’s Research Pier (Cal Poly Pier) facility in Avila Beach, California, USA
(35O10’42”N 120 O 44’35”W) using operative temperature models (OTM). To create
OTMs, acorn barnacles with large shells (base diameter > 20 mm) were collected from
the Cal Poly Pier pilings on snorkel. The shells were cleaned of all tissue and dried.
Opercular plates were superglued together in the aperture to prevent them from falling
out after tissue removal. Once dry, an iButton (model: DS1922L) was affixed inside the
shell using silicone glue and allowed to set for at least 24 h before deployment. Loggers
were adhered to rocks using marine epoxy (Splash Zone 2-part epoxy) at the highest and
lowest positions where B. glandula was found in the intertidal zone at our field site. We
deployed a total of n=6 OTMs at each tidal position (i.e., high and low) for each
consecutive collection period (~2 months each), though there were occasional data-logger
loses due to extreme swell events. Each OTM collected a temperature reading (±0.05 ˚C)
every 30 min for up to 80 days at which point the entire unit was replaced with a new
OTM. Temperature readings were recorded from January 28 – November 6, 2018.

2.2 Field body size measurements
We quantified the average body size of B. glandula across their vertical
distribution at five different field sites along the central coast (Fig. 1): Estero Bluffs State
Park (35°27'21.7"N 120°57'47.7"W), Cayucos Beach (35°26'29.7"N 120°53'48.0"W),
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Morro Bay (35°22'15.1"N 120°51'29.0"W), Montaña de Oro State Park (Hazards Reef;
35°17'22.6"N 120°53'02.8"W), and Avila Beach at the base of the Cal Poly Pier
(35°10'41.8"N 120°44'38.4"W). Body size metrics from individual barnacles were
measured in the low, middle, and high intertidal positions from four perpendicular
vertical transects laid down every 2 m along an 8 m horizontal transect. The single
exception to this protocol was at the Morro Bay site where barnacles were measured on
pier pilings. At this site, individual vertical transects were placed on separate pier pilings
located within a few meters of each other. All measurement events occurred during low
tide periods at a tidal height ≤0.4 ft. We visually approximated the location of the highest
and lowest B. glandula along each vertical transect. To establish the location of the
middle intertidal barnacles, we measured the approximate distance (as length along the
rock face) between the top-most and bottom-most individuals of this species and
measured barnacles at a distance exactly intermediate to the two. It should be noted that
the lowest, middle, and highest positions of their distribution do not exactly correspond to
the position of the high, middle and low intertidal zones, but they are a very close
approximation. As such, terms used to describe the intertidal zones (i.e., low, middle,
high) and relative barnacle position in the intertidal (i.e., lowest, middle, highest) will be
used interchangeably throughout this paper to represent intertidal position. At each
intertidal position we placed a 5X5 cm quadrat immediately to the right side of each
vertical transect. All individuals within each quadrat with an aperture diameter ≥2 mm
were measured. Anything smaller was difficult to distinguish from other barnacle species
and was considered too small to get an accurate measurement. If there were no barnacles
in the initial quadrat placement, it was flipped to the right until at least one individual of
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the appropriate size was found within the quadrat. For each barnacle in the quadrat we
measured the following metrics of body size: aperture width (AW; carina-rostral),
aperture height (AH), base width (BW; carina-rostral), base height (BH), and shell height
(SH) (Fig. 2). In some cases, not all measurements from a single individual could be
made owing to barnacle clustering or awkward positioning within cracks in the rocks.

2.3 Collection and maintenance of experimental barnacles
All barnacles used for lab experimentation in this study were collected from the
rocky intertidal zone at the base of the Cal Poly Pier. At this location, we established a
semi-permanent, 20 m horizontal transect in an area characterized by abundant B.
glandula. Barnacles were collected from vertical transects laid down - in a perpendicular
orientation - every 1 m along the 20 m horizontal transect. As in the field body size
analysis, we visually approximated the location of the highest and lowest barnacles along
each vertical transect, and estimated the exact midpoint for the middle barnacles. We then
located barnacles for collection using the same quadrat (5X5 cm) sampling procedure
(see Section 2.2), and removed barnacles from the highest, middle, and lowest intertidal
positions. The largest few individuals (operculum diameter ≥ 2mm) within each quadrat
were collected. The exact number of barnacles collected within each quadrat varied by
experiment (typically 1-3; see below). Since B. glandula does not form a solid calcified
base, the substrate found under the barnacle, whether rock or shell of another invertebrate
(typically mussels), would be removed with the barnacle. All sampling events occurred
during low tide periods at a tidal height ≤0.4 ft.
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Barnacle collections for Experiment 1 (aquatic respirometry, behavior, and
enzyme activity measurements) took place during low tides between 23:00 and 7:00 am.
For these collection events, only a single vertical transect was sampled for high, mid, and
low tidal heights each day (n=1 barnacle collected per tidal height per day; N=20 vertical
transects sampled in total over 20 days). After collection, animals were transported in air
back to a holding facility on our main campus. Here, barnacles were placed in 38 L
aquaria with recirculating, filtered seawater (FSW; 14˚C, 34 ppt) until 8:00 am that
morning at which point they were removed for immediate experimentation.
Barnacle collections for Experiment 2 (aerial respirometry) took place during low
tides between 4:00 and 8:00 am, and as above only a single vertical transect was sampled
for high, mid, and low tidal heights each day (n=1 barnacle collected per tidal height per
day; N=15 vertical transects sampled in total over 15 days). After collection, animals
were transported and housed under the same conditions as above until 12:00 that
morning, at which point they were removed for immediate experimentation.
Barnacle collections for Experiment 3 (aerial lactate measurements) occurred
once every two weeks for a total of three sampling periods (n=18 barnacles per tidal
height per day). Each sampling event took place between 13:00-15:00, during which time
six vertical transects were each sampled for high, mid, and low tidal heights (n=3
barnacles per tidal height per transect). After collection, animals were immediately
brought to the end of the adjacent research pier where we measured metrics of body size
(body mass, aperture width, aperture height, base width, base height, and shell height;
Fig. 2) and tagged barnacles with identification numbers by affixing small, labeled latex
squares with superglue to the base of each shell. Barnacles were then placed in a 38 L
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glass aquarium (‘experimental tank’) and treated with flow-through, unfiltered seawater
pumped directly from the ocean below (11-13°C, 33-34 ppt). Barnacles remained under
these conditions for 2 d (~37 h) until experimentation, during which time they fed on
plankton naturally present in the unfiltered seawater in which they were maintained.

2.4 Experiment 1: Aquatic respirometry, behavior, and enzyme activity
measurements
To comprehensively characterize the metabolic phenotype of B. glandula from
different intertidal positions, we measured a suite of metabolic indices that intentionally
spanned several hierarchical levels of organization. In our first experiment, we
simultaneously measured oxygen consumption rates and quantified behavioral activity
patterns from the same sample of barnacles (n=19-20 barnacles per tidal height) while
they were immersed in FSW (at 14˚C) within the respirometry chambers. We later went
on to process the tissues from these same individuals for whole-animal citrate synthase
and lactate dehydrogenase activity. Our measurements of whole-animal oxygen
consumption rates serve as estimates of the routine metabolic rate (RMR) for individual
B. glandula. RMR is the rate of energy use by an organism during typical, routine
behavior. In the case of B. glandula, ‘typical behavior’ will include some amount of
opercular and cirral activity while the sessile barnacle remains anchored in flowing
seawater. The behaviors we quantified almost exclusively entail opercular pumping and
cirri extension behaviors aimed at food capture and respiration, both of which have clear
links to metabolism. And finally, CS and LDH enzyme activity levels are common tissuelevel indicators of overall aerobic and anaerobic metabolic capacity, respectively.
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2.4.1 Aquatic respirometry
We estimated routine metabolic rates (RMR at 14˚C) of B. glandula from high,
middle, and low intertidal positions using an intermittent-flow respirometry system
(Loligo Systems, AutoResp Software v. 2.2) that determined oxygen consumption rates
(MO2; μmol O2/h*mg tissue) of individual barnacles immersed in 14˚C FSW over a 24 h
period. See Resner et al. (in review) for complete methodological details. In short, one
barnacle from each tidal position (high, middle, low) was randomly assigned to one of
four glass respirometry chambers (21 mL) where it was placed base-side down in the
center of the chamber. The fourth chamber was left empty to serve as a control to account
for microbial respiration. These four chambers were then anchored, submerged, within a
larger acrylic seawater bath (9 L), which was maintained at a constant temperature of
14˚C with an aquarium chiller and bubbled with atmospheric air. This seawater pool
served as both a temperature bath and the source of freshly oxygenated seawater with
which to periodically flush the chambers.
Aquatic MO2 values were determined using an intermittent respirometry protocol
that consisted of a repeating series of 1) a 5 min flush cycle, during which time a set of
pumps were used to flush the chambers with fully oxygenated seawater from the
surrounding water bath, 2) a 5 min wait period, when flush pumps were turned off and
oxygen levels were allowed to stabilize within the closed chambers, and 3) a 1 h
measurement period, when the rate of pO2 decline in each chamber was actively
measured to determine the MO2 resulting from respiration. Oxygen partial pressure (pO2)
values were measured with a fiber optic Witrox 4 sensor that measured changes in the
fluorescence level emitted from an oxygen-sensitive ‘sensor spot’ glued to the inside of
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each chamber. Throughout all three cycles an additional set of pumps maintained
constant, recirculating seawater flow (~13 cm3/s) within every individual chamber to
ensure oxygen homogeneity. At the start of each respirometry trial, barnacles experienced
a single, complete intermittent cycle (flush, wait, measurement; ~1.3 h) prior to any data
collection. Following this adjustment period, these three steps repeated cyclically for the
subsequent 24 h, during which time MO2 measurements were made during every
measurement period. Obtaining data over a 24 h time period allowed us to account for
any circadian rhythm effects on RMR. Further, each respirometry trial was initiated at
approximately the same time each day (11:00-12:00) to minimize variability.
MO2 values for each barnacle (and the empty control chamber) were derived from
the change in oxygen concentration within each chamber during each measurement
period over the 24 h. The [O2] values (mg O2/L) were automatically calculated by the
AutoResp software from the 1) sensor spot-determined oxygen pO2 value, and 2) the
manually input values for seawater salinity (ppt), temperature (˚C), and atmospheric
pressure (mbar). Whole-animal O2 consumption rates (MO2; mg O2/h) were then
calculated using the following equation:

𝑀𝑂2 (𝑚𝑔 𝑂2 /ℎ) =

[𝑂2 ]0 −[𝑂2 ]1

[Eq. 1]
[O2]0 = oxygen concentration at time 0 (mg O2/L)
[O2]1 = oxygen concentration at time 1 (mg O2/L)
V = chamber volume minus volume of barnacle (L)
t = t1 – t0 (h)
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𝑡

∙𝑉

The whole-animal MO2 (mg O2/h) for each barnacle was then corrected by
subtracting the MO2 of the empty control chamber from the MO2 of each barnacle
chamber. Finally, mass-specific MO2 values (μmol O2/h*mg tissue) were calculated by
dividing the whole-animal MO2 value by the wet weight (mg) of the barnacle following
its complete tissue dissection from the shell, and converting mg O 2 to μmol of O2 using
the molar mass.

2.4.2 Behavior
During the second and third measurement period of each intermittent respirometry
trial, we performed a real-time behavioral observation analysis by visual inspection as
follows. Starting immediately at the beginning of the second measurement period, we
observed each of the three barnacles – in a randomly selected order – for 5 min each. We
subsequently waited 5 additional minutes, with no observation, then repeated the 20 min
observation cycle twice more. Thus, in a single respirometry ‘measurement’ period we
observed each barnacle for three 5 min periods. Each round of observations would start
with a different chamber, to ensure no one barnacle was recorded at the same time during
each respective observation period. We then repeated the entire observation protocol
(three cycles) during the third respirometry ‘measurement’ period. In total, each
individual barnacle was observed for 30 min.
During our observations, we determined the total amount of time each barnacle
spent displaying the following behaviors: 1) operculum closed; 2) testing, operculum
open with no cirral extension; 3) pumping beat, operculum open with cirral movement,
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but no unfurling; 4) normal cirri beat, operculum open with full cirri extensions and
retractions; 5) fast cirri beat, operculum open with cirri extending and retracting quickly,
though not completely back inside the shell; and 6) extension, cirri held extended without
any retracting. This behavioral classification scheme is based on the highly descriptive
account of barnacle cirral activity by Crisp and Southward (1961) (also see Anderson,
1981; Anderson and Southward, 1987). Additionally, we measured the pumping beat
frequency (PBF) and normal cirri beat frequency (CBF). Rates for both variables were
determined as the amount of time it took for the barnacle to extend and retract their cirri
five times, and expressed as beats/second.

2.4.3 Enzyme activity
Immediately following their removal from the respirometry chambers, barnacle
tissues in their entirety were rapidly dissected from the shell, flash-frozen in liquid
nitrogen, and stored at -80˚C until later enzyme activity analysis. We used standard
spectrophotometric assays to quantify enzyme activity of both citrate synthase and lactate
dehydrogenase in whole-animal tissue homogenates. Frozen tissues (5 – 125 mg) were
homogenized via a motorized homogenizer in 175 µL of potassium phosphate buffer
(50mM KPO; pH 7.5) and centrifuged at 1,000 x g for 10 min at 4˚C. The supernatant
was separated into aliquots to prevent freeze-thaw cycles as we later carried out CS and
LDH activity measures on the same samples. Aliquots were immediately flash-frozen in
liquid nitrogen, and stored at -80˚C until further analysis.
To determine CS activity, 10 µL of undiluted supernatant was added to 180 µL of
assay buffer (0.2 mM DTNB, 0.3 mM Acetyl CoA; pH 8.2) in a 96-well plate. A
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background absorbance reading was obtained over 10 min at 412 nm (Victor X4
Multimode Plate Reader, Perkin Elmer) to ensure endogenous oxaloacetate was used up
before measuring CS activity. After a stable background reading was obtained, the
reaction was quickly initiated by the addition of 10 µL of oxaloacetate (final
concentration 1 mM) to every well (final volume 200 µL). CS activity (μmol citrate/g
tissue*min) was then determined from the change in absorbance at 412 nm over 5 min
using an extinction coefficient for 5-thio-2-nitrobenzoic acid (TNB) of 13.6 mM-1 cm-1.
To determine LDH activity, 10 µL of undiluted supernatant was added to 170 µL of assay
buffer (52.5 mM imidazole, 0.15mM NADH; pH 7.5) in a 96- well plate. A background
absorbance reading was obtained over 10 minutes at 340nm to ensure endogenous
pyruvate was used up before measuring LDH activity. After a stable background reading
was obtained, the reaction was quickly initiated by the addition of 20 µL pyruvate (final
concentration 2.64 mM) to every well (final volume 200 µL). LDH activity (μmol lactate
/g tissue*min) was determined from the change in absorbance at 340 nm over 5 minutes
using an extinction coefficient for NADH of 6.22 mM-1 cm-1. All samples were run in
triplicate for both CS and LDH activity measurements. All assays were run at a common
temperature (20˚C), which ensures valid statistical comparability between treatments and
is an ecologically relevant temperature in the field.

2.5 Experiment 2: Aerial Respirometry
To complement the aquatic respirometry data generated in our first experiment,
we carried out a separate experiment to measure oxygen consumption rates of B.
glandula collected from each tidal height (n=10-12 barnacles per tidal height; see Section
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2.3) during emersion at a common temperature (14˚C). Aerial MO2 values were collected
using the same respirometry system that we used to gather aquatic MO 2 values (see
Section 2.4.1), the only differences being 1) the glass respirometry chambers were airfilled, not FSW-filled, 2) a non-intermittent, closed-system respirometry protocol was
carried out over a single 24 h measurement period owing to the relatively slow decline of
oxygen in an air-filled chamber of similar volume to a FSW-filled chamber, and 3) there
was no mechanism for mixing air within each closed chambers as this was deemed
unnecessary in previous studies of aerial respiration in barnacles (Resner et al., in
review). To reduce chamber volume, and hence permit measurable rates of oxygen
consumption while in air, an approximately equal volume of small glass beads (9 mL)
was placed into each chamber (21 mL) alongside the barnacle (or the empty control) to
serve as an inert space filler. As before, obtaining MO2 data over a 24h time period
allowed us to account for any circadian rhythm effects on RMR, and each respirometry
trial (N=12 trials, each trial containing a barnacle from every tidal height) was initiated at
approximately the same time each day (~12:00-13:00) to minimize variability.
Aerial, whole-animal MO2 (mg O2/h) values were calculated from Eq. 1 and
corrected for background oxygen consumption from the empty chamber, as with the
aquatic MO2 values. However, the aerial MO2 calculation required one additional
conversion that was unnecessary in the aquatic MO2 calculation. The most current
version of the AutoResp software (V. 2.2.2) assumes by default that measurements are
being made in water (of a specifiable salinity, temperature, and atmospheric pressure) –
not air – when it converts the sensor-determined pO2 values to [O2] values. This will
grossly underestimate the change in oxygen concentration in air with a drop in pO 2, as the
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[O2] is ~30 times greater in air than seawater at the same temperature and partial
pressure. Thus, we multiplied our final MO2 values by a conversion factor of 33.9
(determined with the Ideal Gas Law), which represents the exact fold-difference in [O2]
between the air and saltwater (34 ppt) at the same pO2 for a temperature of 14˚C and an
atmospheric pressure of 760 torr. Final mass-specific MO2 values (μmol O2/h*mg tissue)
were then calculated, as before, by dividing the corrected, whole-animal MO2 by the wet
weight of the barnacle’s entire tissue mass following dissection from the shell and
converting from mg to μmol with the molar mass of oxygen. For all barnacles, the
consumption of oxygen over time was linear, suggesting that oxygen levels within each
chamber never fell below the critical partial pressure (Pcrit) for this species.

2.6 Experiment 3: Lactate measurements during emersion
We measured whole-body [lactate] (mM) to assess the amount of anaerobic
activity occurring during emersion in B. glandula. To do this, we collected barnacles
from the high, middle, and low intertidal positions (see section 2.3) and exposed them to
air for varying amounts of time (0, 6, or 24 h). Barnacles were randomly assigned a
position within a single 38 L glass aquaria (‘experimental tank’) to ensure that any
possible variation in ambient conditions (e.g., sunlight, temperature, seawater flow)
during the acclimation or exposure period would be experienced randomly between the
treatment groups. After the 40 h acclimation, the tank was drained of seawater and
barnacles were left in the damp tank in air for up to 24h. Over the 24h exposure period,
ambient conditions in the experimental tank were allowed to vary as they would in the
natural environment to more closely approximate what the barnacles could experience in
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situ during air emersion (7-16°C; 49-87% relative humidity; ambient photoperiod). A
subset of barnacles (n=6 per tidal height) were dissected immediately after removal of the
seawater (t=0 h), and then another subset after 6 h exposure to air and again after 24 h.
During dissections, all possible tissue was removed from the shell, flash-frozen in liquid
nitrogen, and stored at -80˚C.
Whole-animal L-lactate and D-lactate concentrations were quantified using basic
spectrophotometric assays. Barnacles have been shown to have both D- and L- lactate
(Vial et al., 1999), although the exact form(s) present in B. glandula had not been
established. Our preliminary analyses found measurable levels of both forms in this
species. Thus, we measured the concentration of both D- and L-lactate in this experiment.
Tissue samples (~10-80 mg) were homogenized in a 5-fold dilution of 10%
trichloroacetic acid (TCA), centrifuged for 15 minutes at 5,000 x g at 4˚C, and
supernatants were stored at -80˚C until further analysis. To quantify L-lactate or Dlactate, 16µL of the supernatant was added to 210 µL of assay mixture (combined at a
ratio of: 1mL glycine buffer, 2mL distilled water, 18 µL L-LDH or D-LDH, 5mg NAD+)
and allowed to incubate for 45 min at room temperature. Endpoint absorbance values
were measured at 340 nm for each sample (Victor X4 Multimode Plate Reader, Perkin
Elmer). Lactate levels (mM) were then determined by comparison to a standard curve
generated from L- or D-lactate samples of known concentration (0-5mM) on each plate.
All samples, standards, and blanks were run in duplicate. Final values for all samples and
standards were corrected for background absorbance from a sample of lactate-free assay
buffer.
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2.7 Statistical analysis
All statistics were conducted in JMP software (v. 13) or RStudio (v. 1.1.442).
Data were tested for normality using the Shapiro-Wilk test, and for homogeneity of
variance using the Levene’s test. Data that did not meet the assumptions for normality
were log- transformed (Log10 [variable]) and assumptions of normality and
homoscedasticity were re-checked before use with parametric statistics. When logtransformations were unsuccessful at achieving normality and equal variance, nonparametric Kruskal-Wallis tests were used.
Principal component analyses (PCA) were performed to determine associations
among barnacle body size parameters within each separate data set. Principal components
(PCs) with an eigenvalue >1 were retained for use as a composite variable of body size in
subsequent statistical analyses. In all cases there was only a single principle component
that met this criterion, hereafter referred to as PC1 (e.g., Table 1). Where necessary in our
statistical analyses, data were corrected for barnacle body size by using the PC1 variable
(as opposed to mass, shell height, etc.).
Linear regression models, including multiple linear regression (MLR), ANOVA
and ANCOVA, were used for all models meeting assumptions of normality, linearity,
independence and homogeneity of variance. Negative binomial generalized linear models
(NB-GLM) with a log link function (GLM, MASS package, R; Venables and Ripley,
2002) were used when MLR assumptions were not met and data were overdispersed.
Model assumptions for GLM models were assessed according to Zuur et al., 2009. AIC
model selection was used to assess variable inclusions (i.e., tidal position, transect or
body size) for all MLR and GLM models; models with the lowest AIC were selected in
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all cases. Additional linear regression analyses were used to look for relationships
between barnacle body size (as PC1) and each response variable of interest to further
confirm the inclusion of a body size variable in each respective statistical model.
Response (dependent) variables, explanatory (independent) variables, and the specific
statistical models used to analyze each combination of variables can be found in Table 2.
When there were significant effects in any of the statistical models, post-hoc pairwise
comparison tests were performed using Tukey’s HSD tests (parametric models) or SteelDwass tests (non-parametric models). Results were considered to be significant at the
α=0.05 level.

20

3. RESULTS
3.1 Field temperature measurements
Using OTMs to approximate body temperature (Tb) of barnacles across the
intertidal zone, we confirmed that temperature varied across both annual (Fig. 3A) and
diel (Fig. 3B) cycles. Annual temperature variation can be explained by seasonal
differences (e.g., summer versus winter temperatures), whereas daily temperature
fluctuations are driven by the tidal cycle. As predicted, the maximum and minimum
daily temperatures tended to be more extreme in the high intertidal positions compared to
the low, despite that fact that mean Tb was ~15˚C across tidal heights (Table 3). We
found that over the course of nearly a year, OTMs in the high intertidal zone were more
than four times more likely to experience temperatures above 30˚C than those in the low
intertidal, and were the only OTMs to experience temperatures greater than 40°C (no
OTMs in the low intertidal measured temperatures >40°C; Table 3).

3.2 Field body size measurements
We measured five morphometric variables to estimate barnacle body size in the
field (Fig. 2), and found that all body size measurements were highly correlated (all
r>0.73; p<0.001). A principal component analysis of all body size metric values collected
from barnacles in the high and low intertidal revealed that the first principle component
(PC1) accounted for 82.3% of the variation (λ=4.114), whereas all subsequent PC values
were >7%, and the factor loading values indicated that all morphometric variables loaded
positively on PC1 (Table 1). Thus, we performed multiple linear regression (MLR)
analyses of the effect of tidal position on barnacle body size using both the composite
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variable PC1. Additionally, we performed a replicate MLR analysis with aperture height
(Fig. 4) as our dependent variable, owing to the fact that AH had the greatest sample size
and achieved the most statistical power.
The MLR model revealed that there was a significant effect of tidal position on
PC1 after accounting for the effect of sampling site (F6,140 = 7.33, p-value<0.001),
whereby barnacles from the low intertidal were significantly smaller than barnacles from
the high intertidal (data not shown). Using aperture height as the response variable, rather
than PC1, resulted in the same general model output (F9,174=5.842, p-value<0.0001; Fig.
4). Barnacles in the low intertidal had an aperture height that was on average 20% smaller
than those in the high intertidal (Fig. 4B).

3.3 Respirometry, behavior, and enzyme activity measurements
3.3.1 Enzyme activity
Linear regression analyses revealed that there was a positive relationship between
CS activity and barnacle body size (aperture height: F1, 57=9.63, p=0.0030; R2=0.14; PC1:
F1, 57=18.16, p<0.0001; R2=0.24) (Fig. 5A) and a negative relationship between LDH
activity and barnacle body size (aperture height: F1, 51=10.22, p=0.0024; R2=0.17; PC1:
F1, 53=20.40, p<0.0001; R2=0.29) (Fig. 5B), as a result of which body size was taken into
account in all subsequent analyses of the effects of tidal height on enzyme activity. We
found that there was no significant effect of tidal height on body-size adjusted CS activity
(1-way ANOVA: F2, 56=2.20, p=0.1205) (Fig. 5C & inset), but there was a significant
effect of tidal position on body-size adjusted LDH activity (1-way ANOVA: F2, 50=4.57,
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p=0.0151), whereby barnacles from low intertidal positions had greater LDH activity
compared to those in the high intertidal zone (Tukey HSD, p=0.0189) (Fig. 5D & inset).

3.3.2 Respirometry
Using an MLR model that incorporated transect, we determined that there was no
significant main effect of tidal position on mass-specific oxygen consumption rates of
barnacles immersed in seawater (F2,44=1.522, p=0.2295) or barnacles exposed to air
(F2,30=1.8, p=0.1821) (Fig. 6). If we also incorporated body size (as PC1) into the MLR
model, there were still no significant effects of tidal position on MO2 in air or seawater.
Oxygen consumption rates were approximately 3-4 times greater in air compared to water
across all treatments.

3.3.3 Behavior
We found no significant relationship between body size (as PC1) and the time (in
seconds) barnacles spent engaged in any behavior (all p>0.23 in linear regression
analyses; data not shown). A negative binomial GLM revealed that intertidal position
(and transect) had a significant effect on the total time barnacles were active (i.e.,
operculum open and engaged in either testing, pumping or cirral beating). B. glandula
from high intertidal positions spent significantly more time active than barnacles from the
mid intertidal (Z2,54=-28.32, p<0.0001) and the low intertidal (Z2,54=-34.56, p<0.0001),
and barnacles from the mid intertidal spent significantly more time active than barnacles
from the low (Z2,54=-6.35, p<0.0001) (Fig. 7A). After accounting for the effect of
transect, barnacles from the high tide position engaged in 23% more total time with their
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operculum open and active (testing, pumping, normal beating or fast beating) than
barnacles from the mid tide position (CI= 21-24%) and 27% more total time than
barnacles from low tide positions (CI = 26-28%).
The increase in total time active in the high intertidal barnacles was largely the
result of a significant increase in the amount of time spent normal cirri beating (KruskalWallis: χ2=12.31, df=2, p=0.0021), and hence a greater amount of time feeding while
submerged, compared to barnacles from the low intertidal. Additionally, high intertidal
barnacles were found to spend significantly less time testing than barnacles from the mid
and low intertidal (Kruskal-Wallis; χ2=8.07, p=0.0178). Barnacles from different tidal
positions did not demonstrate any significant differences in the amount of time they spent
engaged in any other ‘active’ behaviors (e.g., pumping or fast cirral beating). Only one
individual was observed to carry out a true extension behavior and so this particular
behavior was excluded from all analyses.
Linear regression analyses reveled a significant negative relationship between
body size and both pumping beat frequency (PC1: F1,49=5.06, p=0.0290; AH: F1,49=5.93,
p=0.0186) and cirri beat frequency (PC1: F1,24=12.97, p=0.0014; AH: F1,24=9.77,
p=0.0046) (data not shown). After adjusting for size, barnacles from the high intertidal
were found to have slower pumping beat frequencies than those from low intertidal zones
(ANCOVA with PC1 as covariate; F2,47=3.89, p=0.0273), although there was no
significant difference in the normal cirral beat frequency of barnacles from different tidal
heights (ANCOVA with PC1 as covariate; F2,22= 0.8433, p=0.4437) (Fig. 7B).
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3.4 Lactate measurements during emersion
Our preliminary analyses established that B. glandula have measurable levels of
both the D-lactate and L-lactate isoforms, and we found a strong positive relationship
between whole-animal D-lactate and L-lactate concentrations in B. glandula from across
all tidal heights and exposure times (linear regression; F1,115=470.63, p<0.001) (Fig. 8).
Two-way ANCOVA models (with body size PC1 as a covariate) revealed that there were
no significant effects of time (all p>0.56) or their interaction (all p>0.54) on logtransformed L-lactate or D-lactate concentrations. Furthermore, there was no significant
effect of tidal position on L-lactate (F2,127=2.40, p=0.0950) and D-lactate (F2,123=2.82,
p=0.0631), though barnacles anchored in the mid intertidal position had a tendency
toward higher lactate levels at all time points (Fig. 9)
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4. DISCUSSION
Given the variable nature of abiotic and biotic factors in the intertidal zone (e.g.,
temperature, oxygen, salinity, pH, food availability, predation, etc.), organisms that have
adapted here are typically robust in the face of environmental stress and relatively plastic
in their ability to respond to change (Matzelle et al., 2015; Seebacher et al., 2015). An
organisms’ vertical position in the intertidal zone (i.e., high versus low) affects the
duration of time they spend cyclically emersed in air during low tide. Therefore,
differences in vertical position result in predictable differences in the severity and degree
of variability of the stressors they experience. For example, temperatures are often more
extreme, desiccation stress is more severe, oxygen may be more limiting (due to shell
closure or gill clumping), and food is less readily available for high intertidal organisms
relative to their low intertidal counterparts (Foster, 1971; Newell, 1969, 1973; Gillmor,
1982; Davenport and Irwin, 2003). Many of these factors (particularly temperature,
oxygen, and food availability) have direct and substantial impacts on metabolic rates in
ectotherms. As such, we predict that there will be differences in the baseline metabolic
performance and capacity, or what we call the ‘metabolic phenotype’, between
conspecifics in the low versus high intertidal.
While a few select studies have observed differences in metabolic parameters
between species found in discrete vertical zones [e.g., porcelain crabs (Stillman and
Somero, 1996), acorn barnacles (Augenfeld, 1967; Vial et al., 1999)], there are almost no
studies that have comprehensively investigated this hypothesis within a single species
(Dowd et al., 2013). As such, we collected common acorn barnacles (Balanus glandula)
from the low, middle, and high positions of their broad vertical distribution and assessed
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a suite of baseline indicators of metabolism [i.e., body size, enzyme activity (CS, LDH),
aerial lactate accumulation, baseline oxygen consumption rates, and respiratory/feeding
behaviors). We found evidence in support of our hypothesis that there are tidal positiondependent differences in B. glandula metabolic phenotype. Specifically, we observed that
barnacles from the low intertidal tend to feed less when submerged, have a greater
capacity for anaerobic metabolism (as indicated by increased LDH activity), and be
smaller in body size compared to conspecifics in the high intertidal. However, there were
no significant differences in CS activity or baseline oxygen consumption rates (in air or
seawater) across tidal heights, despite the fact that high intertidal barnacle species have
been shown to be more efficient at aerobic respiration and oxygen uptake in the air than
low intertidal and subtidal species (Augenfeld, 1967; Vial et al., 1999).

4.1 Environmental variation
Our initial hypothesis rests on the assumption that there is sufficient variation in
parameters that influence metabolism (e.g., oxygen, temperature, food availability,
predation pressure, etc.) between the highest and lowest regions of the B. glandula
vertical distribution at our field collection site to induce plasticity in their metabolic
phenotype. Of these, oxygen levels are inherently stable in the air and in the well-mixed
surface layer of seawater. The switch between habitats, however, can lead to changes in
hemolymph pO2 in intertidal invertebrates. That being said, intertidal barnacles are
typically very effective at aerial oxygen uptake (Grainger and Newell, 1965; Augenfeld,
1967; Petersen et al., 1974; Vial et al., 1999; Davenport and Irwin, 2003). Even in the
giant subtidal acorn barnacle B. nubilus, we have shown that acute emersion (9h) only
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leads to a mild decline in hemolymph pO2 (Resner et al., in review). Thus, hemolymph
pO2 levels are not predicted to drop in B. glandula during emersion, or vary substantially
between individuals in different tidal zones. Confirmation of this trend in future studies is
desired. If episodes of coastal hypoxia are frequent, however, barnacles residing in the
lower intertidal would be subject to longer periods of reduced oxygen levels than those in
the high (see also Section 4.4 for elaboration).
Where we do expect to see substantial variation between intertidal positions is in
food availability, predation pressure, and especially temperature. Differences in food
availability can be presumed without in situ measurements, owing to the fact that B.
glandula are filter feeders and can only eat when submerged. Individuals anchored in the
high intertidal, therefore, have less access to food due to increased time in the air.
Differences in predation pressure can also be assumed given that the dominant predators
of B. glandula are dogwhelks (Nucella spp.), sea stars, and the barnacle eating dorid
(Onchidoris bilamellata), all of which predominantly feed in lower intertidal zones while
submerged to avoid the physiological stress associated with prolonged emersion
(Connell, 1970; Bertness and Schneider, 1976; Menge, 1978; Dahlhoff et al., 2001;
Yamane and Gilman, 2009). Marine invertebrates, including B. glandula, commonly
close their shell or operculum to avoid predation when chemical cues in the seawater
suggest predators are present (Reimer et al., 1995; Palmer et al., 1982), and this can lead
to internal hypoxia. Barnacles from the low intertidal may then be hypoxic more often
than barnacles from the high intertidal given the increased amount of time they spend
underwater in proximity to predators.
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4.2 Variation in field body temperature
Body temperatures (Tb) of sessile intertidal invertebrates are known to vary
substantially between periods of immersion and emersion, and hence between organisms
located at different tidal heights (Helmuth and Hofmann, 2001; Miller and Dowd, 2017).
We used operative temperature models (iButton temperature loggers secured in a
barnacle shell) to verify that there were differences in the body temperature profiles of B.
glandula between their high and low vertical distributions at our field site. Over the
course of approximately one year we observed that the mean Tb was virtually identical
between barnacle OTMs in the high and low intertidal positions (~15˚C), but OTMs in
the high intertidal position recorded much greater temperature extremes (i.e., higher high
and lower low Tb) and more prolonged exposure to these extremes compared to those in
the low intertidal positions (Fig. 3; Table 3). On average, OTMs in the high intertidal
recorded temperatures above 30˚C four times more often than OTMs in the low intertidal,
and were the only devices to record temperatures >40˚C. These patterns can be explained
by more prolonged periods of air emersion in the high intertidal, and is consistent with
other studies (Helmuth and Hofmann, 2001; Zippay and Helmuth, 2012; Miller and
Dowd, 2017). Exposure to air during low tide can lead to much warmer (e.g., if occurring
during the day in the summer) or much colder (e.g., if occurring during the night in
winter) temperatures than exposure to constant immersion because of the high degree of
variation in air temperature compared to relatively stable sea-surface temperature. Thus,
barnacles in the upper intertidal, which are exposed to the air for longer periods of time,
experience more extreme fluctuation in temperature throughout the day than those in the
lower intertidal.
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The typical temperature profile experienced by individuals of a species can
greatly affect their morphology, physiology, vertical and latitudinal range distribution,
and general survivability (Trussell, 2000; Somero, 2002; Harley, 2008; Zippay and
Hofmann, 2010). Furthermore, the tolerance and plastic acclimation ability of different
species of intertidal invertebrates to thermal stress will reasonably vary depending on
whether they consistently experience such extremes within their tidal position. For
example, Tomanek and Somero (1999) observed that among congeners of Tegula (turban
snails), high intertidal species had a greater capacity to deal with heat stress than low
intertidal species, as evidenced by a quicker, though smaller, increase in heat shock
protein production during thermal stress. Thus, we expected B. glandula to similarly
exhibit differences in morphology, physiology, and degree of plasticity – particularly in
traits associated with metabolism – across their vertical range distribution owing to
variation in temperature, as well as food availability and predation pressure.

4.3 Body size distribution
Barnacle body size represent one such morphological measurement related to
metabolism. Therefore, we initially performed an assessment of the average body size of
B. glandula across their vertical distribution from several sites along the central
California coast. If significant body size differences were found between intertidal zones,
it would serve the dual purpose of 1) providing preliminary evidence in support of
pursuing our original hypothesis, and 2) serving itself as an index of metabolism that
varies between low and high populations of conspecifics. (It should be noted that adult
body size is not the most ideal index of metabolism. It is influenced by many factors that
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do not all vary predictably with tidal height, including barnacle age, which was not
ascertained in this study. Growth rate would be a stronger index of ongoing metabolic
activity, but was not determined in the current study.) We determined that almost
invariably across different intertidal sampling locations on our coast, the largest
individuals of B. glandula were found in the mid to upper intertidal zone, with smaller
individuals occupying the top end of the body size range in the lowest region of their
vertical distribution (Fig. 4).
Variability in a species’ size distribution across the rocky intertidal zone is
typically driven by either abiotic stress from emersion (e.g., desiccation, heat) or biotic
stress during immersion (e.g., predation, competition for space, lack of food). Many
studies report that the largest individuals are found in the low intertidal [e.g., mussels
(Dehnel, 1956; McQuaid et al., 2000), chitons (Otaíza and Santelices, 1985), snails
(Brown and Quinn, 1988)], which is attributed to increased food availability during more
prolonged periods of immersion. These results contradict our own. Several other studies,
however, suggest that extreme abiotic stress, frequently desiccation stress, in the high
intertidal selects against slow-growing, smaller individuals early on in settlement
(Vermeij, 1972; McQuaid, 1982). Smaller individuals have a greater surface area:volume
ratio (SA:V), which makes them less tolerant of desiccation stress. This can result in
adults of larger body sizes in the high intertidal compared to those of a similar age in the
low [e.g., limpets (Vermeij, 1972); snails (McQuaid, 1982)], as we have observed herein.
We suggest that the effects of tidal position on B. glandula body size may be the
combined result of several factors. First, as just mentioned, larger adults may dominate in
the upper intertidal because thermal and desiccation stress impede survivability of small
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individuals to a greater extent than large individuals owing to their low SA:V. Another
factor that seems certain to have contributed to our observation that smaller barnacles
dominate in the low intertidal is the decreased amount of time they spend feeding when
submerged compared to higher intertidal conspecifics (Fig. 7). Gillmor (1982) found that
species of mussels characteristic of the high intertidal were not only better at acquiring
energy via more frequent filter-feeding during immersion, but also more preferentially
directed those energetic resources toward growth compared to other mussel species in the
low intertidal. Predation and competition dynamics may also influence body size
distributions. Common predatory whelks have been shown to prefer larger barnacles over
small barnacles (Connell, 1970). Given that their predation efforts are greater in the low
intertidal zone, this could explain why we see an increased prevalence of large
individuals of B. glandula in the more physiologically stressful high intertidal zone.
There is also a well-known, though highly debated, inverse relationship between bodysize and population density (Damuth, 1981). This relationship has held for certain
temperate intertidal communities (Marquet et al., 1990) and tropical intertidal
communities experiencing low predation pressure (Navarrette and Menge, 1997). Though
the current study was not directly aimed at measuring barnacle density in the field, we
can estimate a crude measure of density at each tidal position from the total number of
living barnacles in each systematically placed quadrat we examined in the field body size
analysis. From these data we observed that barnacle density is significantly lower in the
high intertidal compared to the low intertidal positions (Fig. 10). Thus, decreased
competition for space or resources due to decreased barnacle density in the high intertidal
could partially explain the larger average body size here relative to the low intertidal.
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A final driver for the size distribution pattern we observed could be the relatively
high anaerobic capacity, and presumably increased anaerobic activity, characteristic of
the lower intertidal barnacles (Fig. 5) that could come at the cost of growth. Organisms
that are exposed to chronic hypoxia frequently utilize anaerobic metabolism and often
have reduced growth rates compared to organisms not experiencing environmental
oxygen limitation (Wu, 2002). We hypothesize that that same may be true for sessile
invertebrates exposed to high predator densities or frequent coastal hypoxia. In the face
of increased predation attempts, sessile invertebrates often keep their shell or operculum
closed for prolonged periods of time and can experience hypoxia (Vial et al., 1992). In
regards to hypoxia, local embayments on the California Coast, like San Luis Obispo Bay
and Monterey Bay, are thought to be hotspots for algal blooms that biologically induce
nearshore hypoxia events. At our collection site in San Luis Obispo Bay at least six
multi-day hypoxic events - defined as periods when the dissolved oxygen levels of
nearshore bottom water fell below the 4.6 mg L-1 hypoxic threshold suggested by
Vaquer-Sunyer and Duarte (2008) – were reported between April and August of 2017
alone (R. Walter, pers. comm.). It is therefore likely that the barnacles used in this study
were challenged by relatively frequent coastal hypoxic events. In combination with
greater incidences of predation attempts, barnacles in the low intertidal that are
submerged for a greater proportion of the time might therefore have reduced growth rates
due to an increased reliance on anaerobic metabolism.
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4.4 Plasticity in anaerobic metabolism
To quantitatively assess anaerobic capacity of adult B. glandula across their
vertical distribution we measured their baseline LDH activity. From this, we determined
that individuals from the low intertidal did have significantly higher LDH activity, and
therefore a greater anaerobic capacity, than barnacles from the high intertidal (Fig. 5D
and inset). These data are consistent with previous works that collectively observed lower
intertidal barnacle species rely more heavily on anaerobic metabolism during emersion
than species adapted to higher intertidal positions, which rely principally on aerobic
respiration in air (for review see Vial et al., 1999). For example, Augenfeld (1967) found
that Chthamalus fossus and B. glandula, species that dominate in the high intertidal and
have therefore adapted to longer periods of air exposure, have much slower rates of
glycogen utilization during prolonged emersion than Tetraclita squamosa and B.
tinntinnabulum, species characteristic of the lower intertidal. From this, the authors
surmised that the two upper intertidal species exploit mostly aerobic respiration in air,
whereas the lower intertidal species were utilizing both aerobic and anaerobic
metabolism. Simpfendörfer et al. (1995) also observed that aerial respiration rates were
much closer to immersion respiration rates in upper intertidal barnacles (Jehlius cirratus;
80-100% of immersed oxygen consumption rate) when compared to lower intertidal
mussels (Mytilus spp; 5-50% of immersed oxygen consumption rate), which again
suggests the tendency towards fully aerobic respiration in air for high tidal zone species
and anaerobic supplementation during air exposure in lower intertidal organisms. Herein,
we demonstrate the same tidal-zone dependent difference in anaerobic metabolic
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prioritization previously observed between species, across the vertical distribution of a
single species, B. glandula.
To further explore the possibility for tidal zone-dependent differences in
anaerobic metabolism in B. glandula, we measured whole-animal lactate concentration
from low and high tide individuals that were exposed to air for 24 h. Before we could
carry out these measurements, however, it was necessary to determine whether B.
glandula produces the L- or D-lactate isoform during anaerobic glycolysis as it has been
suggested that barnacles may actually produce D-lactate (Vial et al., 1999), unlike most
other crustaceans that produce L-lactate (Gäde and Grieshaber, 1986). López et al. (2003)
detected D-lactate, but no L-lactate, as an anaerobic end-product during anoxia in
Austromegabalanus psittacus, and a unique form of D-LDH has been purified from B.
nubilus (Gleason et al., 1971; Ellington and Long, 1978). Our results confirmed that B.
glandula actually produces both isoforms, and that the concentration of these two
products in the body are tightly correlated (Fig. 8). The significance of their shared
formation remains to be explored. In several species of crustaceans and molluscs, some
of which also use D-lactate (Gäde, 1980, 1983), different anaerobic end-products are
produced at different times and under different physiological conditions (Ellington, 1983;
Gäde, 1983; Vial et al., 1999). For example, functional anaerobioses during activity often
leads to the production of lactate and opines, whereas environmental anoxia leads to the
production of succinate (Gäde, 1983). However, we have yet to find any other studies
that report substantial amounts of both L- and D-lactate being produced simultaneously in
the same species.
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In spite of the presence of both forms of lactate, we did not find any significant
accumulation of L- or D-lactate over 24 h of emersion in B. glandula collected from any
tidal position (Fig. 9). This likely reflects the fact that 24h of air exposure is not long
enough to elicit anaerobic metabolism in an intertidal barnacle species (Barnes and
Barnes, 1957; Barnes et al., 1963; Augenfeld, 1967; Petersen et al., 1974). Barnacles
from the intertidal zone have adapted to prolonged air exposure by altering their behavior
so as to maximize oxygen uptake in the air and sustain aerobic respiration while
preventing desiccation (Barnes and Barnes, 1957; Barnes et al., 1963; Grainger and
Newell, 1965; Vial et al., 1999; Davenport and Irwin, 2003). This is accomplished by the
expulsion of internal seawater stores and the subsequent, repeated pulsation of a minute
aperture in the tissue surrounding the opercular valves – a ‘pneumostome’ – which gives
the mantle cavity space surrounding the moist respiratory surfaces (e.g., gill-like
branchiae, mantle tissues, prosoma) access to oxygen-rich atmospheric air. It has also
been reported in the intertidal barnacle Semibalanus balanoides that during air emersion a
greater percentage of individuals in the low intertidal have their pneumostome open at
any specific time point than those in the high intertidal, which further reflects their need
to balance access to oxygen with water conservation (Grainger and Newell, 1965).
Subtidal barnacles, on the other hand, have not adapted to repeated air exposure and so
do not show the same behaviors. They do not predictably expel their internal seawater
stores or form a pneumostome in air. Instead they often remain vigorously active,
engaging in erratic cirral extensions and retractions in air so that the barnacle is left more
vulnerable to rapid desiccation (Barnes et al., 1963; Augenfeld, 1967) and presumably
more reliant on supplemental anaerobic metabolism. Based on these observations, we
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predict that lactate would begin to accumulate in the intertidal-dominant B. glandula only
after a period of several days (e.g., 6-10 days) when more permanent pneumostome
closure becomes necessary to prevent desiccation, as has been reported before in other
intertidal balanids (Barnes et al., 1963). Further, we predict that lactate levels following
more prolonged air emersion would be higher in B. glandula collected from the low
intertidal zone than the high intertidal, given their greater capacity for anaerobic
metabolism. This prediction is corroborated by the finding that B. glandula has a higher
baseline glycogen content than C. fossus, a species found in the very highest region of the
intertidal, which would indicate that B. glandula possesses a greater energy reserve to
support anaerobic metabolism (Augenfeld, 1967).
Barnacles are also relatively unique in that they actually excrete accumulated
lactate into their surrounding environment while submerged and thereby avoid any
detrimental effects of its accumulation in their tissues (Barnes et al., 1963; Newell, 1973).
[The excretion of leftover, energy-rich lactate in barnacles appears to be made possible
by unusually high resting glycogen levels (Augenfeld, 1967)]. The option to excrete
lactate is naturally unavailable to them during low-tide air exposure. Thus, anaerobic
lactate production is an especially attractive option for low intertidal or subtidal
barnacles, for whom seawater is more predictably available. It would therefore be
worthwhile to carry out the same lactate accumulation experiment over a longer duration
(e.g. >6 days), and perhaps also at a relatively low humidity, to confirm our prediction
that B. glandula from the low intertidal barnacles would show greater lactate
accumulation during air emersion than those from the high intertidal.
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These data then beg the question, why do low intertidal barnacles have an
increased capacity for anaerobic metabolism, given that they form pneumostomes when
in air and likely keep them open more often than conspecifics in the high intertidal
(Grainger and Newell, 1965)? It seems this would actually make low intertidal barnacles
less likely than high intertidal barnacles to use anaerobic metabolism during emersion.
We suspect, instead, that the increased anaerobic capacity of low intertidal B. glandula
may be necessary for events other than short-term air exposure. Gilman et al. (2013)
showed that complete opercular closure was the only event that led to decreased
metabolic rates for B. glandula while in water. When barnacles completely close their
opercula, the oxygen level of their internal mantle cavity fluid decreases rapidly, which
over time can lead to increased anaerobic metabolism (Davenport and Irwin, 2003). Thus,
increased occurrences of events that elicit operculum closure could have the effect of
inducing increased anaerobic capacity in barnacles. Under immersion conditions,
barnacles will close their valves in response to coastal hypoxia (Barnes et al., 1963),
decreased salinity (Davenport and Irwin, 2003), and increased predator activity (Palmer
et al., 1982). As mentioned above, coastal hypoxia events occur with some regularity at
our collection site in San Luis Obispo Bay (R. Walter, pers. comm.) and so could serve as
drivers for metabolic plasticity across the intertidal zone for our barnacles. We also know
that most barnacle predators (e.g., asteroids and gastropods) rely on chemical cues to find
their prey items while they are submerged (Kohn, 1961; Castilla and Crisp, 1970; Pratt,
1974). Chemical cues are typically released by barnacles during cirral beating, therefore
keeping their valves closed while immersed is one way to avoid predator detection
(Barnes, 2002). Palmer et al. (1982) have shown that during immersion, B. glandula
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remain tightly closed for extended periods of time when placed in contact with predatory
stimuli (e.g., carnivorous snails and sea stars) compared to non-predatory stimuli (e.g.,
algae, herbivorous snails and sea stars). Naturally, low intertidal individuals will
experience more closure-inducing events like hypoxia and predation given that they
spend a longer duration submerged than those in the upper intertidal. Difference in the
severity and exposure time for these events, rather than air emersion, may play a bigger
role in driving the differences in anaerobic capacity of B. glandula across the intertidal.

4.5 Plasticity in aerobic metabolism
Given that we see greater anaerobic capacity in B. glandula from the low
intertidal positions, we expected there to be greater aerobic capacity in conspecifics from
the high intertidal. To assess aerobic capacity of B. glandula across their vertical
distribution we 1) quantified baseline citrate synthase (CS) activity, an enzyme of the
Kreb’s Cycle that is used as a standard marker for aerobic capacity, and 2) measured
aquatic and aerial oxygen consumption rates to determine routine metabolic rate (RMR;
14˚C) under both conditions. In previous work, Augenfeld (1967) reported that barnacle
species from the upper intertidal (C. fossus, B. glandula) had cytochrome oxidase activity
levels (another enzymatic marker of aerobic capacity) and oxygen consumption rates that
were more than twice those from low intertidal and subtidal species (T. squamosa, B.
tinntinnabulum, B. nubilus). Stillman and Somero (1996) also found that high intertidal
porcelain crabs were able to maintain greater rates of respiration at a common
temperature than those from the low intertidal zone. Despite these compelling data, we
did not reveal any differences in CS activity (Fig. 5) or MO2 (aquatic or aerial) (Fig. 6)
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across the vertical distribution of the single species B. glandula. One possible explanation
for our results can be found in the work of Castro et al. (2001), in which they revealed
that the intertidal barnacle Jehlius cirratus maintained relatively similar rates of oxygen
consumption regardless of their length of time in emersion. If air exposure duration does
not affect that rate of oxygen consumption in a closely-related, intertidal-adapted
barnacle, this could explain why the MO2 of B. glandula does not differ between shore
heights.
While there were no effects of tidal position on MO2 in air or water, we did find
that oxygen consumption rates were ~3-4 times greater in humid air than in the water
(Fig. 6). A higher oxygen consumption rate for B. glandula in air compared to seawater
has been noted by other researchers (unpubl. results cited in Gilman and Rognstad, 2018),
and has been observed in many other intertidal organisms, including snails (Micallef and
Bannister, 1967), crabs (Wheatly and Taylor, 1979), and other barnacle species (Petersen
et al., 1974). Even some subtidal barnacles, such as A. psittacus, have high capacity for
oxygen consumption in air despite the fact that they rarely experience emersion
conditions (López et al., 2003). Again, these data reveal the tremendous capacity for
aerial oxygen uptake possessed by acorn barnacles. Overall, the CS data paired with our
oxygen consumption data indicate that intertidal position has little to no effect on aerobic
activity within B. glandula. We know that B. glandula at all tidal positions are
presumably good at acquiring oxygen while in the air (see Vial et al., 1999) and we have
reason to believe that those in low intertidal may even have their pneumostomes open
more often than those in the high intertidal due to reduced desiccation pressure (see data
on the closely related species Semibalanus balanoides; Grainger and Newell, 1965).
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Thus, differences in emersion time that come from being anchored at different intertidal
positions may not result in much of a difference in mantle cavity or hemolymph pO 2 and
so might not provide any cause for metabolic plasticity of aerobic capacity in B.
glandula. In the future we intend to measure in vivo hemolymph pO2 over time in B.
glandula held in air compared to seawater, and determine if these values are significantly
different for individual barnacles from the low versus the high intertidal. Perhaps also the
lack of tidal position-dependent differences in aerobic capacity should come as no
surprise, as the suspected drivers of the differences in anaerobic capacity (i.e., coastal
hypoxia, increased predation) between tidal heights have nothing to do with exposure to
air, and so assuming a greater aerobic capacity of high intertidal barnacles simply
because they experience longer air emersion may have been naïve.

4.6 Behavior
Barnacle behavior was the final process we measured in an effort to
comprehensively characterize the metabolic phenotype of B. glandula across the
intertidal zone. A description of the various forms of barnacle cirral activity has been
thoroughly detailed by Crisp and Southward (1961). In the current study we quantified
the percentage of time immersed barnacles from each tidal height spent with their
operculum closed or their operculum open while engaged in each of the following
behaviors: normal and fast cirral beating (full cirral extensions and retractions aimed at
feeding), pumping (partial cirral extension and retraction with incomplete unfurling;
typically considered a respiratory behavior), and testing (valves slightly open with no
cirral extensions and very minor inward seawater flow; typically considered to be a
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behavior aimed at testing the conditions of the water). Of these behaviors, only cirral
beating facilitates substantial food capture, though beating and pumping behaviors
similarly increase water flow through the mantle cavity (Crisp and Southward, 1961) and
so are both considered to be respiratory in nature. We therefore considered these
behaviors to generally reflect the metabolic demand of an individual barnacle. We found
that the barnacles from the upper intertidal positions were active (i.e., open and engaged
in beating, pumping or testing) significantly more often than those from the low intertidal
positions, and that this increase in overall activity is largely the result of increases in the
amount of time spent attempting to feed with a normal beat (Fig. 7A) and decreases in the
amount of time spent testing. Since barnacles cannot feed during air emersion, it makes
sense that those from the higher intertidal would spend an increased amount of time
feeding whenever they are submerged, compared to lower intertidal barnacles that spend
more time underwater. This trend has been shown for several intertidal species [e.g.,
barnacles (Ritz and Crisp, 1970), bivalves (Ballantine and Morton, 1956), and gastropods
(Newell et al., 1971)], whereby organisms that are held in the air for increasing periods of
time will increase the amount of time they spend feeding when subsequently reimmersed. Not only do higher intertidal barnacles feed more, there is evidence of
morphological differences aimed at increasing food capture between conspecifics located
at different tidal heights. Chan and Hung (2005) revealed that Tetraclita japonica,
another barnacle with a wide vertical distribution, had longer cirri in barnacles in the
upper portion of their vertical distribution, which would serve to enhance feeding ability
during shorter durations of immersion. There was no effect of intertidal position on the
amount of time spent pumping while submerged. This likely reflects the fact that
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previous air emersion is unlikely to cause a reduction in hemolymph pO2 for B. glandula
at any tidal height and so increased efforts to reoxygenate through this respiratory
behavior would be unnecessary regardless of differences in the duration of low-tide air
emersion between each tidal position.
In addition to quantifying the duration of time spent performing each behavior,
we also quantified beat frequencies for normal cirral beating and pumping behaviors in B.
glandula from across the intertidal zone. We know that cirral beat frequency in barnacles
is sensitive to both seawater flow rates and temperature, with maximum beat frequencies
occurring at some optimal, species-specific flow rate and temperature (Southward, 1955;
Southward and Crisp, 1965; Nishizaki and Carrington, 2014a, 2014b). In our experiment,
barnacle behavior was quantified within the respirometry chambers under conditions of
relatively low velocity flow (~13 cm3/s ) and constant temperature (14˚C), both of which
fall within the optimal ranges for B. glandula cirral beating and food capture (Nishizaki
and Carrington, 2014a). We found that higher intertidal barnacles performed pumping
beats significantly more slowly than individuals in the low intertidal, and though the
trend is similar for normal beat frequency, there were no statistically significant
differences in normal beat rate between tidal heights (Fig. 7). This is consistent with
research by Southward (1955) who observed that the barnacles Eliminus modestus,
Chthamalus stellatus, and Balanus balanoides all exhibited decreased cirral beat
frequencies at higher shore heights compared to conspecifics at lower shore heights.
[These differences between heights also disappeared after being held in the same
laboratory conditions over 24 h, which supports our decision to observe barnacle
behaviors immediately after field collection.] We argue that upper intertidal barnacles are
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sufficiently oxygenated by normal beating that occurs during increased bouts of feeding
while in water, such that pumping activity, which predominantly serves a respiratory
function, is not required at as high of a beat rate. Further, Gilman et al., (2013) found that
respiration rates for B. glandula were not different between pumping and normal beats,
so there would be no energetic cost-savings associated with using pumping rather than
normal beating to acquire oxygen.
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5. CONCLUSION
Global climate change is happening (IPCC, 2018), and as a result, the intertidal
zone is predicted to experience even greater extremes in abiotic conditions like
temperature, oxygen availability, and wave action (Harley et al., 2006; Helmuth et al.,
2006). We can expect that an organisms’ tolerance for environmental stress is influenced
by their baseline metabolic rate and capacity, and so indices of metabolism are important
to consider when predicting how an organism will respond to such dramatic change. Our
work provides evidence for differences in the metabolic phenotype of Balanus glandula
barnacles residing at different tidal heights across their broad vertical distribution in the
intertidal habitat. Specifically, we have shown that intertidal position primarily influences
anaerobic capacity and cirral behavior, with barnacles from the high intertidal exhibiting
a decreased capacity for anaerobic metabolism, increased feeding behaviors during
immersion, and a larger average body size compared to conspecifics in the low tidal zone.
To date, studies examining the effects of tidal position on metabolic parameters within a
single species are virtually absent in the current literature (see Dowd et al., 2013), though
works that compare metabolic indices between intertidal species can be found (e.g.,
Augenfeld, 1967; Stillman and Somero, 1996; Tomanek and Somero, 1999; Vial et al.,
1999). Our findings therefore represent a valuable contribution to the field of intertidal
ecophysiology and climate change research. And the fact that we observed differences in
the metabolic capacity of a single barnacle species over such relatively small spatial
scales, highlights how variable the susceptibility to environmental stress can be within a
single population. These data also further emphasize the fact that there can be substantial
differences in the physiology and behavior between individuals of a single species
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depending on if they are located at the ‘edge’ of their populations’ distribution (e.g., the
high intertidal) or in the center (i.e., the mid or low intertidal). A thoughtful and
deliberate plan for sampling organisms in the field is therefore a critical part of any sound
experimental design. Finally, as we move forward with this research we are interested in
characterizing the relative capacity for phenotypic plasticity exhibited by conspecifics
from different positions in the intertidal, as this too will inform us about their relative
ability to acclimate (and ultimately adapt) to the world’s changing conditions. If evidence
of plasticity is not found, we will explore the possibility that selection during settlement
is responsible for differences in metabolic phenotype between tidal positions and seek to
identify underlying genetic differences between these populations.

46

REFERENCES
Achituv, Y. and Borut, A. (1975). Temperature and water relations in Tetraclita squamosa
rufotincta Pilsbry (Cirripedia) from the Gulf of Elat (Red Sea). Proc. 9th Eur. Mar. Biol.
Syrup. Aberdeen University Press, Aberdeen. 95-108.

Anderson, D.T. (1981). Cirral activity and feeding in the barnacle Balanus perforatus Bruguiere
(Balanidae), with comments on the evolution of feeding mechanisms in thoracican
cirripedes. Phil. Trans. R. Sot. London Ser. B. 291(1053): 411-449.

Anderson, D.T. (1994). Barnacles: Structure, function, development and evolution. Chapman
and Hall, London.

Anderson, D.T. and Southward, A. J. (1987). Cirral activity of barnacles. Barnacle Biology. 135174.

Augenfeld, J.M. (1967). Respiratory metabolism and glycogen storage in barnacles occupying
different levels of the intertidal zone. Physiol. Zool. 40(1): 92-96.

Ballantine, D. and Morton, J.E. (1956). Filtering, feeding, and digestion in the lamellibranch
Lasaea rubra. J. Mar. Biol. Assoc. U. K. 35(1): 241-274.

Barnes, H. and Barnes, M. (1957). Resistance to desiccation in intertidal barnacles. Science. 126:
58.

Barnes, H., Finlayson, D.M., and Piatigorsky, J. (1963). The effect of desiccation and anaerobic
conditions on the behaviour, survival and general metabolism of three common
cirripedes. J. Anim. Ecol. 32: 233-252.

Barnes, M. (2002). The mortality of intertidal cirripedes. Oceanography and Marine Biology, An
Annual Review. 37:161-252.

Bertness M.D. and Schneider D.E. (1976). Temperature relations of Puget Sound Thaids in
reference to their intertidal distribution. Veliger. 19:47–58

47

Brown, K.M. and Quinn, J.F. (1988). The effect of wave action on growth in three species of
intertidal gastropods. Oecologia. 75(3): 420-425.

Burnett, L.E. and McMahon, B.R. (1987). Gas exchange, hemolymph acid-base status, and the
role of branchial water stores during air exposure in three littoral crab species. Physiol.
Zool. 60(1): 27-36.

Castilla, J.C. and Crisp, D.J. (1970). Responses of Asterias rubens to olfactory stimuli. J. Mar.
Biol. Assoc. U. K. 50(3): 829-847.

Castro, J.M., López, D.A., and Vial, M.V. (2001). Physiological responses to hypoxia and anoxia
in Jehlius cirratus (Darwin, 1854)(Cirripedia, Chthamalidae) in the upper intertidal
zone. Crustaceana. 74(2): 161-170.

Chan, B.K. and Hung, O.S. (2005). Cirral length of the acorn barnacle Tetraclita japonica
(Cirripedia: Balanomorpha) in Hong Kong: effect of wave exposure and tidal height. J.
Crustac. Biol. 25(3): 329-332.

Crisp, D.J. and Southward, A.J. (1961). Different types of cirral activity of barnacles. Philos.
Trans. R. Soc. Lond. B. Biol. Sci. 243(705):271-307.

Coleman, N. (1973). The oxygen consumption of Mytilus edulis in air. Comp. Biochem. Physiol.
A. 45(2): 393-402.

Connell, J.H. (1970). A predator‐prey system in the marine intertidal region. I. Balanus glandula
and several predatory species of Thais. Ecological Monographs. 40(1), 49-78.

Connell, J.H. (1972). Community interactions on marine rocky intertidal shores. Annu. Rev.
Ecol. Evol. Syst. 3(1): 169-192.

Davenport, J. and Irwin, S. (2003). Hypoxic life of intertidal acorn barnacles. Mar. Biol.
143(3):555-563.

48

Dahlhoff, E.P., Buckley, B.A., and Menge, B.A. (2001). Physiology of the rocky intertidal
predator Nucella ostrina along an environmental stress gradient. Ecology. 82(10), 28162829.

Damuth, J. (1981) Population density and body size in mammals. Nature. 290, 699-700.

Dehnel, P.A. (1956). Growth rates in latitudinally and vertically separated populations of Mytilus
californianus. Biol. Bull. 110(1): 43-53.

Deutsch, C., Brix, H., Ito, T., Frenzel, H., and Thompson, L. (2011). Climate-forced variability
of ocean hypoxia. Science. 333(6040): 336-339.

Diaz, R. J. and Rosenberg, R. (2008). Spreading dead zones and consequences for marine
ecosystems. Science. 321: 926-929.

Dowd, W.W., Felton, C.A., Heymann, H.M., Kost, L.E., and Somero, G.N. (2013). Food
availability, more than body temperature, drives correlated shifts in ATP-generating and
antioxidant enzyme capacities in a population of intertidal mussels (Mytilus
californianus). J. Exp. Mar. Biol. Ecol. 449, 171-185.

Ellington, W.R. and Long, G.L. (1978). Purification and characterization of a highly unusual
tetrameric D-lactate dehydrogenase from the muscle of the giant barnacle, Balanus
nubilus Darwin. Arch. Biochem. Biophys. 182(2): 265-274.

Ellington, W.R. (1983). The recovery from anaerobic metabolism in invertebrates. J. Exp. Zool.
228(3): 431-444.

Finke, G.R., Navarrete S.A., and Bozinovic, F. (2007). Tidal regimes of temperate coasts and
their influences on aerial exposure for intertidal organisms. Mar. Ecol. Prog. Ser. 343: 5762.

Foster, B.A. (1971). Desiccation as a factor in the intertidal zonation of barnacles. Mar. Biol.
8(1):12-29.

49

Foster, M.S. (1986). Causes of spatial and temporal patterns in rocky intertidal communities of
central and northern California (Vol. 2). US Dept. of the Interior, Minerals Management
Service, Pacific OCS Region.

Gäde, G. (1980). The energy metabolism of the foot muscle of the jumping cockle, Cardium
tuberculatum: sustained anoxia versus muscular activity. J. Comp. Physiol. 137(2): 177182.

Gäde, G. (1983). Energy metabolism of arthropods and mollusks during environmental and
functional anaerobiosis. J. Exp. Zool. 228(3): 415-429.

Gäde, G. and Grieshaber, M. K. (1986). Pyruvate reductases catalyze the formation of lactate and
opines in anaerobic invertebrates. Comp. Biochem. Physiol. B. Biochem. Mol.
Biol. 83(2): 255-272.

Gillmor, R.B. (1982). Assessment of intertidal growth and capacity adaptations in suspensionfeeding bivalves. Mar. Biol. 68(3): 277-286.

Gilman, S.E., Wong, J.W., and Chen, S. (2013). Oxygen consumption in relation to body size,
wave exposure, and cirral beat behavior in the barnacle Balanus glandula. J. Crustac.
Biol. 33(3): 317-322.

Gilman, S.E., and Rognstad, R.L. (2018). Influence of food supply and shore height on the
survival and growth of the barnacle Balanus glandula (Darwin). J. Exp. Mar. Biol.
Ecol., 498: 32-38.

Gleason, F.H., Price, J.S., Mann, R.A., and Stuart, T.D. (1971). Lactate dehydrogenases from
crustaceans and arachnids. Comp. Biochem. Physiol. B. 40(2): 387-394.

Greenaway, P., Morris, S., McMahon, B.R., Farrelly, C.A., and Gallagher, K.L. (1996). Air
breathing by the purple shore crab, Hemigrapsus nudus (Dana). I. Morphology,
behaviour, and respiratory gas exchange. Physiol. Zool. 69(4), 785-805.

50

Glynn, P.W. (1965). Community composition, structure, and interrelationships in the marine
intertidal Endocladia muricata–Balanus glandula association in Monterey Bay,
California. Beaufortia. 12(148): 1-198.

Grainger, F. and Newell, G.E. (1965). Aerial respiration in Balanus balanoides. J. Mar. Biol.
Assoc. U. K. 45(2): 469-479.

Harley, C.D.G., Randall Hughes, A., Hultgren, K.M., Miner, B.G., Sorte, C.J., Thornber, C.S.,
Rodriguez, L.F., Tomanek, L., and Williams, S.L. (2006). The impacts of climate change
in coastal marine systems. Ecol. Lett. 9(2): 228-241.

Harley, C.D.G. (2008). Tidal dynamics, topographic orientation, and temperature-mediated mass
mortalities on rocky shores. Mar. Ecol. Prog. Ser. 371: 37-46.

Hawkins, S.J., Moore, P.J., Burrows, M.T., Poloczanska, E., Mieszkowska, N., Herbert, R.J.H.,
Jenkins, S.R., Thompson, R.C., Genner, M.J., and Southward, A.J. (2008). Complex
interactions in a rapidly changing world: responses of rocky shore communities to recent
climate change. Clim. Res. 37(2-3): 123-133.

Helmuth, B.S. and Hofmann, G.E. (2001). Microhabitats, thermal heterogeneity, and patterns of
physiological stress in the rocky intertidal zone. Biol. Bull. 201(3): 374-384.

Helmuth, B.S., Mieszkowska, N., Moore, P., and Hawkins, S. J. (2006). Living on the edge of
two changing worlds: forecasting the responses of rocky intertidal ecosystems to climate
change. Annu. Rev. Ecol. Evol. Syst. 37: 373-404.

Huey, R.B. and Stevenson, R.D. (1979). Integrating thermal physiology and ecology of
ectotherms: a discussion of approaches. Amer. Zool. 19(1): 357-366.

IPCC, 2018: Summary for Policymakers. In: Global warming of 1.5°C. An IPCC Special Report
on the impacts of global warming of 1.5°C above pre-industrial levels and related global
greenhouse gas emission pathways, in the context of strengthening the global response to
the threat of climate change, sustainable development, and efforts to eradicate poverty
[V. Masson-Delmotte, P. Zhai, H.O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani,
W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X.

51

Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, T. Waterfield (eds.)]. World
Meteorological Organization, Geneva, Switzerland, 32 pp.

Kohn, A.J. (1961). Chemoreception in gastropod molluscs. Amer. Zool. 291-308.

López, D.A., Castro, J.M., González, M.L., and Simpfendörfer, R.W. (2003). Physiological
responses to hypoxia and anoxia in the giant barnacle, Austromegabalanus psittacus
(Molina,1782). Crustaceana. 76(5): 533-546.

Marquet, P.A., Navarrete, S.A., and Castilla, J.C. (1990) Scaling population density to body size
in rocky intertidal communities. Science. 250, 1125-1127.

Marsden, I.D. and Weatherhead, M.A. (1999). Shore‐level induced variations in condition and
feeding of the mussel Perna canaliculus from the east coast of the South Island, New
Zealand. New Zeal. J. Mar. Fresh. 33(4): 611-622.

Matzelle, A.J., Sarà, G., Montalto, V., Zippay, M., Trussell, G.C. and Helmuth, B. (2015). A
Bioenergetics Framework for Integrating the Effects of Multiple Stressors: Opening a
‘Black Box’ in Climate Change Research. Am. Malacol. Bull. 33(1): 150-160.

McMahon, B.R. (1988). Physiological responses to oxygen depletion in intertidal animals. Amer.
Zool. 28: 39-53.

McQuaid, C.D. (1982). The influence of desiccation and predation on vertical size gradients in
populations of the gastropod Oxystele variegata (Anton) on an exposed rocky
shore. Oecologia. 53(1):123-127.

McQuaid, C.D., Lindsay, J.R., and Lindsay, T.L. (2000). Interactive effects of wave exposure
and tidal height on population structure of the mussel Perna perna. Mar. Biol. 137(5-6):
925-932.

Menge, B.A. (1978). Predation intensity in a rocky intertidal community. Oecologia, 34(1), 1735.

52

Micallef, H. and Bannister, W.H. (1967). Aerial and aquatic oxygen consumption of Monodonta
turbinata (Mollusca: Gastropoda). J. Zool. 151(1): 479-482.

Miller, L.P. and Dowd, W.W. (2017). Multimodal in situ datalogging quantifies inter-individual
variation in thermal experience and persistent origin effects on gaping behavior among
intertidal mussels (Mytilus californianus). J. Exp. Biol. 220(22): 4305-4319.

Navarrete, S.A. and Menge, B.A. (1997). The body size-population density relationship in
tropical rocky intertidal communities. J. Anim. Ecol. 557-566.

Newell, R.C. (1969). Effect of fluctuations in temperature on the metabolism of intertidal
invertebrates. Amer. Zool. 9(2): 293-307.

Newell, R.C., Pye, V.I., and Ahsanullah, M. (1971). Factors affecting the feeding rate of the
winkle Littorina littorea. Mar. Biol. 9(2): 138-144.

Newell, R.C. (1973). Factors affecting the respiration of intertidal invertebrates. Amer.
Zool. 13(2): 513-528.

Nishizaki, M.T. and Carrington, E. (2014a). Temperature and water flow influence feeding
behavior and success in the barnacle Balanus glandula. Mar. Ecol. Prog. Ser. 507: 207218.

Nishizaki, M. T. and Carrington, E. (2014b). The effect of water temperature and flow on
respiration in barnacles: patterns of mass transfer versus kinetic limitation. J. Exp. Biol.
217(12): 2101-2109.

Otaíza, R.D. and Santelices, B. (1985). Vertical distribution of chitons (Mollusca:
Polyplacophora) in the rocky intertidal zone of central Chile. J. Exp. Mar. Biol.
Ecol. 86(3): 229-240.

Palmer, A.R., Szymanska, J., and Thomas, L. (1982). Prolonged withdrawal: a possible predator
evasion behavior in Balanus glandula (Crustacea: Cirripedia). Mar. Biol. 67(1): 51-55.

53

Petersen, J., Fyhn, H., and Johansen, K. (1974). Eco-physiological studies of an intertidal
crustacean, Pollicipes polymerus (Cirripedia, Lepadomorpha): aquatic and aerial
respiration. J. Exp. Biol. 61(1): 309-320.

Pörtner, H.O. (2010). Oxygen-and capacity-limitation of thermal tolerance: a matrix for
integrating climate-related stressor effects in marine ecosystems. J. Exp. Biol. 213(6):
881-893.

Pratt, D.M. (1974). Attraction to prey and stimulus to attack in the predatory gastropod
Urosalpinx cinerea. Mar. Biol. 27(1): 37-45.

Prosser, C.L. (Ed.). (1991). Comparative animal physiology, environmental and metabolic
animal physiology. John Wiley and Sons.

Reimer, O., Olsson, B., and Tedengren, M. (1995). Growth, physiological rates and behaviour of
Mytilus edulis exposed to the predator Asterias rubens. Mar. Fresh. Behav. & Physiol.
25(4), 233-244.

Resner, E.J., Belanger, B.G., Clayton, L.C., Marsh, K.G., and Hardy, K.M. (in review)
Physiological response of the giant acorn barnacle, Balanus nubilus, to oxygen-limiting
environments. J. Exp. Mar. Biol. Ecol.

Ritz, D.A. and Crisp, D.J. (1970). Seasonal changes in feeding rate in Balanus balanoides. J.
Mar. Biol. Assoc. U. K. 50(1): 223-240.

Seebacher, F., White, C.R., and Franklin, C.E. (2015). Physiological plasticity increases
resilience of ectothermic animals to climate change. Nat. Clim. Change. 5: 61–66.

Shick, J.M., Widdows, J., and Gnaiger, E. (1988). Calorimetric studies of behavior, metabolism
and energetics of sessile intertidal animals. Amer. Zool. 28(1): 161-181.

Simpfendörfer, R.W., Vial, M.V., López, D.A., Verdala, M., and González, M.L. (1995).
Relationship between the aerobic and anaerobic metabolic capacities and the vertical
distribution of three intertidal sessile invertebrates: Jehlius cirratus (Darwin)(Cirripedia),

54

Perumytilus purpuratus (Lamarck)(Bivalvia) and Mytilus chilensis (Hupe)
(Bivalvia). Comp. Biochem. Physiol. B. 111(4): 615-623.

Solan M. and Whiteley N., eds. (2016). Stressors in the marine environment: physiological and
ecological responses; societal implications. Oxford University Press.

Somero, G.N. (2002). Thermal physiology and vertical zonation of intertidal animals: optima,
limits, and costs of living. Int. Comp. Biol. 42(4): 780-789.

Southward, A.J. (1955). On the behaviour of barnacles II. The influence of habitat and tide-level
on cirral activity. J. Mar. Biol. Assoc. U. K. 34(3): 423-433.

Southward, A.J. and Crisp, D.J. (1965). Activity rhythms of barnacles in relation to respiration
and feeding. J. Mar. Biol. Assoc. U. K. 45(1): 161-185.

Stillman, J.H. and Somero, G.N. (1996) Adaptation to temperature stress in aerial exposure in
congeneric species of intertidal porcelain crabs (genus Petrolisthes): Correlation of
physiology, biochemistry and morphology with vertical distribution. J. Exp. Biol.
199:1845-1855.

Tomanek, L. and Somero, G. N. (1999). Evolutionary and acclimation-induced variation in the
heat-shock responses of congeneric marine snails (genus Tegula) from different thermal
habitats: implications for limits of thermotolerance and biogeography. J. Exp.
Biol. 202(21): 2925-2936.

Tomanek, L. and Helmuth, B. (2002). Physiological ecology of rocky intertidal organisms: a
synergy of concepts. Integ. Comp. Biol. 42(4): 771-775.

Trussell, G.C. (2000). Phenotypic clines, plasticity, and morphological trade‐offs in an intertidal
snail. Evolution. 54(1): 151-166.

Vaquer-Sunyer, R. and Duarte, C.M. (2008). Thresholds of hypoxia for marine
biodiversity. Proc. Nat. Acad. Sci. 105(40): 15452-15457.

55

Venables, W.N. and Ripley, B.D. (2002) Modern Applied Statistics with S. Fourth Edition.
Springer, New York.

Vermeij, G. J. (1972). Intraspecific shore‐level size gradients in intertidal molluscs.
Ecology. 53(4): 693-700.

Vial, M.V., López, D.A., Simpfendörfer, R.W., and Gonzalez, M.L. (1999). Responses to
environmental hypoxia of balanomorph barnacles. Barnacles. The biofoulers. 215-244.

Vial, M.V., Simpfendörfer, R.W., Lopez, D.A., Gonzalez, M.L., and Oelckers, K. (1992).
Metabolic responses of the intertidal mussel Perumytilus purpuratus (Lamarck) in
emersion and immersion. J. Exp. Mar. Biol. Ecol. 159(2), 191-201.

Wheatly, M.G. and Taylor, E.W. (1979). Oxygen levels, acid-base status and heart rate during
emersion of the shore crab Carcinus maenas (L.) into air. J. Comp. Phys. 132(4): 305311.

Wu, R.S. (2002). Hypoxia: from molecular responses to ecosystem responses. Mar. Poll.
Bull. 45(1-12): 35-45.

Yamane, L. and Gilman, S.E. (2009). Opposite responses by an intertidal predator to increasing
aquatic and aerial temperatures. Mar. Ecol. Prog. Ser. 393, 27-36.

Zippay, M. L. and Helmuth, B. S. (2012). Effects of temperature change on mussel, Mytilus.
Integ. Zool. 7: 312-327.

Zippay, M.L. and Hofmann, G.E. (2010). Physiological tolerances across latitudes: thermal
sensitivity of larval marine snails (Nucella spp.). Mar. Biol. 157(4), 707-714.

Zuur, A., Ieno, E.N., Walker, N., Saveliev, A.A., and Smith, G.M. (2009). Mixed effects models
and extensions in ecology with R. Springer Science & Business Media.

56

A. TABLES
Table 1. Principal component analysis results based on the five body size measurements
(AH, AW, BH, BW, SH) collected from barnacles in the field body size experiment.
Left) Top five principal components (PC) with their respective Eigenvalues and percent
of variation explained by each PC. Right) Factor loadings for PC1 from the principal
component analysis performed on the five body size metrics.
PC Number

Eigenvalue

Percent

Size metric (mm)

PC1 factor loadings

1

4.1142

82.284

Aperture height

0.905

2

0.3442

6.884

Aperture width

0.898

3

0.2593

5.185

Base height

0.931

4

0.1560

3.120

Base width

0.912

5

0.1263

2.527

Shell height

0.887

Table 2. Dependent variables, independent variables retained for analyses (as chosen by
AIC model selection), and statistical models used for hypothesis testing.
Dependent Variable

Independent Variable(s)

Body Size

Aperture Height (mm)
PC1

Intertidal position
Intertidal position

Enzyme
activity

Size-adjusted CS activity*
Size-adjusted LDH activity*

Intertidal position
Intertidal position

Respirometry

Aquatic MO2 (μmol O2/h·mg)*
Aerial MO2 (μmol O2/h·mg)*

Intertidal position
Intertidal position
Intertidal position
Intertidal position
Intertidal position
Intertidal position
Intertidal position
Intertidal position
Intertidal position
Intertidal position

Transect

Behavior

Total time active (s)*
Time closed (s)
Time testing (s)
Time pumping (s)
Time normal beating (s)
Time fast beating (s)
PBF (beats/s)
CBF (beats/s)
L-lactate (mM)
D-lactate (mM)

Intertidal position
Intertidal position

Time
Time

[Lactate] in
air

Site
Site

Statistical Model
MLR
MLR
1-way ANOVA
1-way ANOVA

Transect

PC1+
PC1+

MLR
MLR
NB-GLM
Kruskal-Wallis
Kruskal-Wallis
Kruskal-Wallis
Kruskal-Wallis
Kruskal-Wallis
ANCOVA
ANCOVA
PC1+ 2-way ANCOVA
PC1+ 2-way ANCOVA

Note: Body-size adjusted CS and LDH activity data were generated by dividing raw activity values
(μmol/g·min) by PC1 (dimensionless) before use in statistical analyses. Mass-specific MO2 values were
used in all statistical analyses. Abbreviations: MLR, multiple linear regression model; NB-GLM, negative
binomial generalized model; PBF, pumping beat frequency, CBF, normal cirri beat frequency. Dependent
variables annotated with an asterisk (*) were log10-transformed prior to analysis. Independent variables
annotated with a plus sign (+) served as the covariate in the respective ANCOVA model.

57

Table 3. Summary of extreme temperature (˚C) conditions in the intertidal zone at the
base of the Cal Poly Pier (Avila Beach) as measured by the operative temperature models
anchored at the typical high and low tidal height positions of B. glandula at this site over
the course of approximately one year (2018). The max and min values represent the
single highest and single lowest recorded temperatures of any OTM in each respective
intertidal position over the entire measurement period. The mean is the average
temperature from each position recorded across the entire year. Note that even though the
mean temperature is very similar between the high and low tide positions, the max and
min temperatures are more extreme in the high intertidal.
Temperature (˚C)
Tidal Height

Max

Min

Mean

High
Low

42
38

4.5
5.6

15.5 ± 4.4
15.3 ± 2.9
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% time above
30˚C
1.179
0.279

% time above
40˚C
0.026
0.000

B. FIGURES

Estero Bluffs
Cayucos Beach

Morro Bay

San Luis Obispo

Montaña de Oro

Avila Beach

Figure 1. Map of rocky intertidal field sites where barnacle body size measurements
were collected. Sites listed from north to south are as follows: Estero Bluffs State Park,
Cayucos Beach, Morro Bay, Montaña de Oro State Park (Hazards Reef), Avila Beach
(base of the Cal Poly Research Pier). Sites were sampled during low tide from June –
August 2018. Measurements were collected in situ from barnacles adhered to rocks or
mussels in the intertidal zone, except at the Morro Bay site where barnacles were located
on pier pilings.
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Figure 2. Barnacle external anatomy and body size metrics. A) Barnacle shell
anatomy: shell plates including rostrum, carina and opercular plates [two scutal plates (S)
and two tergal plates (T)] surrounding the opercular opening/slit. B) Barnacle shell base
and aperture metrics: base dimensions were measured at the base of the barnacle where
the shell meets the substrate and aperture dimensions were measured at the edges of the
opening at the top of the shell (i.e., the aperture) surrounding the opercular plates.
Specifically, base and aperture height measurements were measured at the widest point
along the carino-rostral axis, whereas base and aperture width measurements were
measured at the widest point perpendicular to that same axis. C) Barnacle shell height
metric: shell height was measured from substrate to the tallest point of the barnacle shell.
All measurements were made using digital calipers, except field-measurements of shell
height, which were measured with a digital depth gauge.
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Figure 3. Field temperature measurements from the high (red) and low (blue)
intertidal positions of B. glandula at the base of the Cal Poly Pier (Avila Beach) over
the course of a single year (A) and single day (B). Operative temperature models
(OTM) were anchored to rocks in the intertidal zone within the typical highest and lowest
regions of the B. glandula vertical distribution at this site (n=6 OTM/tidal position)
where they recorded a temperature measurement every 30 min for the entire deployment
period. A) Daily mean temperature (bold lines) and maximum/minimum temperatures
(shaded region) for approximately one year from January 2018 to November 2018.
(Heavy wave action led to the loss of all 6 OTMs at the high position for a small portion
of late summer, which accounts for the lack of high intertidal data around August.) B)
Hourly mean temperature (bold lines) and maximum/minimum temperatures (blue and
red shaded regions) for a single 24h day (February 16, 2018). This graph serves to more
finely resolve temperature variation associated with the tidal cycle. Vertical dashed lines
represent the time of the daily high tides (red) and low tides (blue), and the grey shaded
regions represent nighttime periods.
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Figure 4. Differences in aperture height (mm) of B. glandula residing in each
intertidal position (low, middle, high) at several field sites along the central coast of
California. Field measurements of B. glandula aperture height displayed by A) site and
B) pooled across sites. In both figures, the whiskers represent the min and max values,
the box extends from the 25-75th percentiles, the line represents the median, and the ‘+’
indicates the mean. Columns with different letters are significantly different from one
another (Tukey HSD, p<0.05).
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Figure 5. Effects of barnacle body size (A, B) and intertidal position (C, D and
insets) on citrate synthase (left) and lactate dehydrogenase (right) enzyme activity
(μmol/g*min) in B. glandula. A and B) Relationship between barnacle shell aperture
height (mm) and CS (A) or LDH (B) enzyme activity in B. glandula from low (●), mid
(x) and high (○) intertidal positions. There was a significant positive relationship between
AH and CS activity, and a significant negative relationship between body size and LDH
activity. The same significant relationships were observed if body size was represented by
PC1, rather than AH (data not shown). Note for both enzymes the large degree of overlap
in the range of body sizes of the barnacles collected from each intertidal position. In each
figure the solid back line represents the linear regression line of all data pooled across
tidal positions. C, D and insets) Effect of intertidal position (low, middle, high) on raw,
whole-animal CS (white; C) and LDH (grey; D) activity values and on the body sizeadjusted CS and LSH activity values (raw activity value divided by body size PC1) on
which the respective statistical analyses were based (inset graphs). Columns with
different letters are significantly different from one another (Tukey HSD; α=0.05). All
values represent means±SEM; n=16-20 barnacles per intertidal position.
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Figure 6. Effect of intertidal position (low, middle, high) on whole-animal aquatic
(white; n=15-16 barnacles per intertidal position) and aerial (grey; n=10-12
barnacles per intertidal position) oxygen consumption rates (MO2; μmol O2 /h*mg
dissected body tissue) in B. glandula held at 14˚C. Columns with different letters are
significantly different from one another (Tukey HSD; α=0.05). Values represent
means±SEM.
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Figure 7. Effect of intertidal position (low, middle, high) on behavior in B. glandula.
A) Average percent of time barnacles from each intertidal position spent performing
specified behavioral activities (closed, testing, pumping, normal cirral beating, fast cirral
beating) (n=17-19 barnacles per intertidal position) over a 30 min measurement period.
The dashed outline indicates the total percent of time active; that is, the total percent of
time barnacles from each intertidal position spent with the operculum open and actively
engaged in testing, pumping, normal beating or fast beating. [Note: graphs indicate % of
time (out of 30 min) that barnacles spent engaged in each behavior, whereas statistical
analyses of the data in Panel A were performed on whole number counts of time in
seconds (out of 30 min) that barnacles spent engaged in each behavior.] B) Average
pumping beat frequency (white) and cirral beat frequency (normal beat only; grey) of
barnacles from each intertidal position (n=15-19 barnacles per intertidal position). Note
that measurements of beat frequency were only obtained from barnacles that actually
exhibited each particular behavior during the observation period. Columns with different
letters are significantly different from one another (Tukey HSD; α=0.05). Values
represent means±SEM.
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Figure 8. Relationship between whole-animal L-lactate and D-lactate concentration
(mM) in B. glandula collected from all tidal heights and held under air emersion
conditions for 24h (N=136). There is a significant positive linear relationship between
isoforms of lactate in B. glandula (p<0.001).
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Figure 9. Effect of intertidal position (low, middle, high) on whole-animal lactate
concentration (mM) in B. glandula during air exposure. Average L-lactate (A) and Dlactate (B) concentration in barnacles from each relative tidal position following 0, 6, and
24h of air emersion (n=13-18 separate barnacles per time point at each intertidal
position). Values represent means±SEM.
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Figure 10. Estimate of average B. glandula density (# of live barnacles/quadrat) at
each intertidal position. Data are derived from the body size field analysis, and
represent values pooled from all five field sites examined as the trend was the same at all
sites. A one-way ANOVA revealed a significant effect of tidal position on barnacle
density (F2,166=5.75, p=0.0038). Columns with different letters are significantly different
from one another (Tukey HSD; α=0.05). All values represent means±SEM; n=53-64
quadrats per intertidal position.
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